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I. IPJTRODUCTION 

1. OBJECTIVES 

The successfu l  development of the f i r s t  phase of o m  bio-  

s a t e l l i t e  experiment w i t h  seed germination and seedl ing growth 

has r equ i r ed  the design,  assembly and extensive t e s t i n g  of a 

p r a c t i c a l  systeni f o r  growing hea l thy  seedl ings i n  a small, 

sea led  container  that can be accommodated i n  the  spacecraf t  and 

recovered without damge t o  the p lan ts  a f t e r  a 3-day o r b i t .  In 

order  t o  minimize the  poss ib le  in te r fe rence  e f f e c t s  of launch 

v i b r a t i o n  and a c c e l e r a t i o n  on l a t e r  growth of the embryo, i t  has 

a l s o  been necessary t o  p l an  on pre-soaking of the dormant seeds 

only j u s t  f a r  enough i n  advance of launch t o  perIllit i d e n t i f i c a -  

t i o n  and s e l e c t i o n  of p a r t l y  swollen grs. i n s  w i t h  vigorous embryos. 

In so f a r  as  poss ib le  6 1 1  growth processes a r e  t o  be c a r r i e d  out 

with the f o r c e  of g r a v i t y  a t  o r  very o lose  t o  zero.  

Another ob jec t ive  i n  developing a system f o r  growing seed- 

lings under the  e s s e n t i a l l y  weightless condi t ions of o rb i t a l  

f l i g h t  was t o  provide f o r  r e t u r n  of the p l a n t s  with maximum 

m o u n t s  of t i s s u e s  f o r  biochemical analyses by one tezm of 

e x p w i n e n t e r s  (Drs. Conrad and Johnson of TTorth American 

Avis t ion)  and f o r  anatomical and histochemical s t u d i e s  by a 

second team of experimenters (Drs. Edwards and Gray of Fmory 

Univers i ty)  without compromising the  requirements f o r  OUT 

a n a l y s i s  of the  o r i e n t a t i o n  of the seedling organs i n  the  absence 

of the g r a v i t a t i o n a l  fo rce  t o  which such seedl ings have become 



adapted during the  evolu t ion  of the seed p l an t s .  T h i s  s tudy  of 

gross  morphology a s  a f f e c t e d  by the  e l imina t ion  of t h o  fo rce  of 

g r a v i t y  imposed a se r ious  c o n s t r a i n t  on the  method of growinf: the 

seedl ings,  s ince  the  con tac t  of t h e i r  r o o t s  with any s o l i d  par- 

t i c l e s  could n o t  be pernAtted. 

2. WHEAT SEEDLIITGS 

The choice of wheat a s  the t e s t  p l a n t  was determined by 

f a c t o r s  of s i z e ,  r a p i d i t y  an6 r e l i a b i l i t y  of Eermination, and 

previous work with wheat seedl ings  subjected t o  s t rong  cen t r i fu -  

g a l  fo rces  ( 3 , 5 ) .  Seeds f o r  a l l  t e s t s  of experimental  s y s t e m  

(and l a t e r  f o r  the o r b i t a l  experiment) a r e  being taken f r o m  a 

c e r t i f i e d  s tock  of Tri t icum aestivum L. (2. vulgzre  V i l l . )  ho r t .  

var.  Georg ia  1123 ( 4 ) .  Supplies of t he  l a t e s t  crop a r e  obtained 

i n  l a t e  summer from disease- f ree  s tocks  w i t h  very h igh  percentages 

of gerlnina t i on .  

The s p e c i a l  value of wheat seedl ings  f o r  experimental  s tudy 

of the  o r i e n t a t i o n  of c o l e o p t i l e  and r o o t s  i n  the absence of t r o -  

p i s t i c  e f f e c t s  of g r a v i t y  has been shown ( s e e  p. 29) by compara- 

t i v e  t e s t s  o f  wheat, rye ,  b a r l e y  and o a t s .  When grown i n  the 

s p e c i a l  seed holders  designed f o r  our experiment ( see  Figs.  1 

and 3 end t e x t  below), the r e g u l a r i t y  of the  r o o t  system i n  wheat 

provides f o r  quan t i t a t ive  work that could no t  be c a r r i e d  out w i t h  

axy o ther  c e r e a l  ? r e in .  ‘;heat a lone has a p a t t e r n  of two l a t e r a l  

(sen;inal)  r o o t s  which grow a t  c h a r a c t e r i s t i c ,  p red ic t ab le  angles  

t o  t he  primary r o o t ,  bo th  i n  our seed holders  and when grown i n  

s o i l  ( c f .  Table V ,  p. 31). 
- 
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3 .  CULTURE SETHOD 

I n  order  t o  povi  the  wheat seedliiiits yfithoct con tac t s  be- 

tween t h e i r  r o o t s  and s o l i d  p a r t i c l e s  that  would introduce the  

e f f e c t s  of thigmotropism o r  traumatropism, it was necessary t o  

devise  a method that would al low the  roo t s  t o  grow i n  a l l  pos- 

s i b l e  d i r e c t i o n s  from the  enibryo without touching each o t h e r  o r  

m y  o t h e r  ob jec t s .  The o r i e n t a t i o n  of r o o t s  i s  f u l l y  a s  impor- 

t a n t  a s  t h a t  of t he  c o l e o p t i l e  i n  a study of geotropism. 

A r e l a t i v e  humidity of SO@, corresponding t o  t h e  condi- 

t i o n s  found wi th in  the pores of an  arable  s o i l ,  was a l s o  an  es- 

s e n t i a l  requirement.  Since the  volume of water needed f o r  growth 

of a n  embryo i n t o  a s eed l ing  can not  be obtained by d i f f u s i o n  

from the water vapor i n  moist a i r ,  the s u c c e s s f u l  development of 

a Large seedl ing during a 3-day experiment requi red  d e l i v e r y  of 

t he  water t o  the  embryo by way of t he  endosperm. This p a r t  of 

t he  seed was a l s o  the only a v a i l a b l e  region f o r  holding the seed 

and l a t e r  t he  s e e d l i q >  while the  your@ p l a n t  grew i n  moist air of 

~ o r m l  coinposition for rmt efivira;ment and n t  a favoreble  temper- 

a t u r e  f o r  r a p i d  development. 

These c u l t u r a l  requirements were  met by an  o r i g i n a l  method 

of suspending seeds i n  s e t s  of 1 2  o r  15 within a moist chamber, 

with p o r t  of each seed held f i rmly  i n  con tac t  wi th  f i lms  of 

water. 

j o i n t l y  with the  o the r  experimenters with wheat s eed l ings .  We 

had the  t e c h n i c a l  a s s i s t a n c e  of engineers a t  t h e  Anlea Research 

Center and a t  the  l a b o r a t o r i e s  of North American Rvis t ion  where 

acceptab le  models were f a b r i c s t e d  f o r  t e s t  hardware. 

The design of t h i s  s p e c i a l  seed holder  was worked out 

3 



11. DEWLOPI4J3JT OF SEED HOLDFRS 

1. EARLY MODELS 

Proof of t he  capac i ty  of t he  wheat endosperm t o  absorb and 

t ransmit  enough water f o r  growth of the embryo was e s t a b l i s h e d  

f irst  with a branching system of p l a s t i c  tubes t o  which soaked 

seeds were a t t ached  by shor.t;, c l o t h  wicks. Each wick was hollow, 

w i t h  a diameter j u s t  l a r g e  enough t o  s l i p  over a p l a s t i c  s ide  

arm tube t h a t  was joined t o  the c e n t r a l  r e s e r v o i r .  The endospern; 

por t ion  of a soaked seed was i n s e r t e d  i p t o  the outer  end of the  

wick and he ld  aga ins t  the p l a s t i c  tube and i t a  con ten t s  by means 

of a s h o r t ,  s t e e l  needle which passed through the  wick and endo- 

sperm without contac t  with the  embryo. 

WiYith the  p l a s t i c  tubes f i l l e d  w l t h  a s l u r r y  of f i n e  vermic- 

u l i t e  and water,  the c l o t h  wicks c a r r i e d  the  water t o  the  seeds 

by c a p i l l a r i t y .  Each a e t  of g e r m i n a t i w  seeds was suspended 

wi th in  a p l a s t i c  cy l inde r  t o  which was added enwgh  water t o  

maintain 10% r e l a t i v e  humidity around the seedl ings .  Tes ts  

showed t h a t  the tubes suppl ied enough water f o r  a t  l e a s t  6 days 

of germination. The moist a i r  preserved the r o o t  t i p s  and r o o t  

ha i r s  and thus provided for the growth of n o r m 1  seedl ipgs .  

For  p r a c t i c a l  reasons,  t he  method was l a t e r  changed t o  in -  

s e r t i o n  ~f the  endoeperm direct l ,y  i n t o  the tubu la r  s i d e  arm, i n  

contac t  w i t h  the  wet, porous medium of the r e s e r v o i r  system. 

T r i a l s  of s i d e  a r m  w i t h  inner  diameters  s ca rce ly  l a r g e r  than  the 

diameter of a p a r t l y  swollen seed (2) proved t h a t  growth ceased 

when the expanding seed f i l l e d  the  space and reduced the a rea  of 

contac t  w i t h  the water.  The mini- i n t e r n a l  diameter of t he  seed 

holder  arm was found t o  be 7/32 inch,  a s i z e  t h a t  allowed f o r  a f i l m  

of water on a l l  submerged sur faces  of the endosperm reg ion  when i C  

wasl f u l l y  expanded. 

k 
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2. PREPROTOTYPE HOLCERS 

The model s e l e c t e d  f o r  use i n  the preprototype hardware is a 

system of p l a s t i c  tubes i n  which a c e n t r a l  s t a l k  has 12 or 15 s i d e  

a r m ,  each s e t  a t  an angle of 4 5 O  with one end of the c e n t r a l  

r e s e r v o i r  ( s ee  F ig .  1). The shor t  s ide tubes a r e  arranged i n  4 

or 5 s p i r a l  s e t s  of 3 each, w i t h  the  v e r t i c e l  spacing determined 

by the lengths  and forms of seec i l iw organs when they were grown 

i n  e a r l i e r  models t h a t  were being r o t a t e d  on a h o r i z o n t a l  c l ino-  

s t a t  ( s e e  p. 15) .  Vhen the system is loaded for an experiment, 

the c e n t r a l  tube is sea led  a t  each end wi th  an Allen screw a f t e r  

a l l  a i r  bubbles have been expelled.  

The enlarged d e t a i l  of one arm i n  Figure 1 shows how the 

seed is planted by i n s e r t i n g  i t  through a smell hole i n  a rubber 

r;eribrane that forms a cap over the side arm. The thickness of 

t h i s  rubber dam, a s  used i n  our work, has been e i t h e r  1/128 i n .  

o r  1/65 in . ,  with equal ly  good r e s u l t s  i n  holding the seed and 

s e e l i n e  the system. The rubber band shown in  the f i g u r e  can be 

e i t h e r  a n  9-rl.rG or  EI t i n y  band of h t e x  nk ,ber ,  either of wh,feh 

forces  the membrene i n t o  a groove i n  the s i d e  arm wall near the 

end of the  arm. 

Ilolded rubber caps have been tes ted  and found t o  be appl ied 

more e a s i l y .  They also o f f e r  less surface for unwanted contac t  

w i t h  s e e d l i r q  organs and! for screening views of orgen t i p s  i n  

photographic records of growth. These caps are  being designed by 

ET. IC. Yokoyama, our co l labora tor  i n  the p r o j e c t  a t  the Ames 

Research Center where they w i l l  be f a b r i c a t e d  i n  quant i ty  when 

a n  acceptable  model hzs been developed there .  

5 
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H O L D E R  

( I  2 - U  N I T) 
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. . '  
I , ,  . . .  . .  . .  . .  . . . .  . . . . . .  

Loaded and Planted 
(scale 1.5~) 

(scale ix) 

Fig. 1. Holder System for Preprototype Package. 
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I n  order  t o  prevent  lealraPe of water from the s i d e  arm by 

way of t he  $roove i n  the seed on the  sid-e oppo_glte t he  embryo, 

a blended mixture of l a n o l i n  and beeswax ( 2  t o  1 by w t . )  i s  

app l i ed  a f t e r  the seed has been plented e s  shown i n  t h e  f i g u r e .  

A small drop of the  mixture, j u s t  wam enough t o  l i q u i f y ,  i s  

placed a s  ind ica ted  but w i t h  the loaded and p lan ted  system in- 

ver ted  f o r  t h i s  opera t ion .  The mixture s o l i d i f i e s  r a p i d l y ,  ad- 

heres  t o  t h e  rubber and seed and thereby a i d s  i n  holding each 

seed i n  p l ace  w i t h  proper o r i e n t a t i o n  of the embryo a s  shown i n  

the  diagram. 

&ring the  f i n a l  o r b i t a l  experiment, this s e a l  w i l l  a l s o  

he lp  t o  hold the  seed during launch end the  seedl ing  during re-  

en t ry .  The rubber membrane, however, i s  very e f f e c t i v e  i n  gr ip-  

ping the  seed while se rv ing  the even more important func t ion  of 

damping some of t he  v i b r a t i o n  d u r i x  launch. In t e s t s  thus f a r ,  

no seed has been dislodged by the simulated p r o f i l e  of launch 

v15iietions or  by the crop t e s t  during s i m l n t e d  recovery s t r e s s e s .  

The choice of medium t o  hold water i n s i d e  the seed holders  

has proved t o  be a n  e x a c t i w  s t ep .  “he m t e r i a l  must provide an  

evenly porous framework f o r  c a p i l l a r y  f low of water t o  each seed- 

l i n g  during 3 days of germination. It i s  a l s o  i npor t an t  t h a t  the 

s o l i d  m t e r i a l  i n  the  s ide  arm n o t  shr ink away f r o m  the  seed 

coa t s  R S  i t s  w a t e r  moves i n t o  the seed, 

7 



P a r t i c l e s  of COmmerCial " W m n i C U l i t f 3 "  t h a t  pass  through a 

s i eve  with 20 mesh per  inch proved e f f e c t i v e  f o r  e a r l y  t e s t s  bu t  

some l o t s  were i n f e r i o r .  A s e r i e s  of t e s t s  w i t h  " P e r l i t e " ,  agar  

g e l s  and powdered c e l l u l o s e ,  a lone or  mixed with vermicul i te ,  

was ca r r i ed  out over a per iod of rmny months. Table I shows 

taat ce l lu lose  a lone  was b e t t e r  than any other  l l laterial  t e s t e d  

i n  tubular  holders  during 1964. 

Mixtures of c e l l u l o s e  and f i n e  vermicul i te  proved equal ly  

e f f ec t ive  i n  l a t e r  t e s t s  ( s e e  Tables 111 and I V )  bu t  t he  b e s t  

m t e r i a l  of a l l  seems t o  be a vermicul i te  powder t h a t  passes  a 

40-mesh s ieve  but  i s  he ld  i n  a n  80-mesh s i eve .  The uni formi ty  

of t he  spaces b e t m e n  t h e  p a r t i c l e s  a l s o  permits pre-loading of 

the seed holders  before  the  water i s  added a s  descr ibed on p. 16. 

Resul ts  with th i s  ma te r i a l  and loading method m e  entered  i n  

Table I V  where the  medium i s  l i s t e d  a s  very f i n e  vermicul i te .  

8 



Table  I 

Growth of Seedlings f o r  72 Hours  wi th  Di f f e ren t  Media 

19 64 Seed Holder Media Seedling Mean Lengths i n  mm. 

Date P o s i t i o n  Type Nos. Coleop. P.Root L.Root R . R o o t  

Nov. 7 

12 

Dec. 1 

4 

I t  7 

10 

I1 11 

I t  14 

I t  17 

If 21  

I t  26 

Jan. 1 

E 
C 
E 
E 
C 
E 
E 
C 
C 
E 
C 
E 
C 
E 
C 
E 
C 
E 
C 
c 
E 
C 
E 
E 
E 
C 
C 
C 
C 
C 
E 
E 
E 
C 
C 

Erect  Old Vermiculite 12 3.1 18.1 10.9 10.1 
C l i n o  . 12 3.4 22.5 15.0 14.2 

12 2.8 18.0 12.9 13.3 
12  2.8 21.3 8.3 10.8 

I t  I1 

I1  11 

I t  I t  

Re w 
11 

II 

Old 
11 

I t  

11 

Bew 
11 

I1 

11 

I t  

I 1  

II 

I1 

Old 
IJew 

Old 
New 
0 Id 

I t  

I t  
I 1  

iTew 
I t  
11 

I I  

I t  

I t  

0 Id 
iIew 

11 

11 

Per l i t  e 

0.257; Agar 

I t  

I t  

11 

I f  

0.5% Agar 
11 

1% Agar 
I1 

Vermiculite 

c 1 1lJl g 

!I 

I t  

II 

11 

II 

11 

I t  

I t  

I t  

11 

I t  

I t  

I 1  

11 

I1 

I I  

15 2.6 13.1 
11 2.1  7.7 
13 3.4 21  .o 
12 3 .O 14 .O 
11 3.1 13 .O 
11 4.1 19.8 
11 2.6 15.4 
15 4.7 21.5 
15 6.4 23.4 
11 5.6 16.1 
15 3.3 17 .O 
12 2.5 18.3 
1 4  2.6 13.7 
12 2.3 14.9 
15 2.9 20.9 
10 3.4 18.4 
i 4  4.2 25.1 
9 -2 16;s 18.9 

11 6.5 19 .o 
13 11 .o 25 .O 
10 7.1 16.6 
11 6 .O 18.6 
12  7 .O 20.5 

9 S t  15.6 28.2 
1 4  11.8 28.0 
13 9.8 27.0 
15 4.7 20.1 
15 6.5 19.3 
1 2  6.7 19.4 
12  6.5 18.3 
11 9.5 23.7 
1 4  9 .o 19.3 
1 4  10.9 20.6 

7.6 
5.8 

14.2 
8.1 
9 .1  

13 .O 
11.6 
18.6 
19.8 
13.7 
12 .o 
11.3 
11.1 
4.4 

10.3 
13.2 
16.5 
20.2 
13.8 
17.2 
18.2 
14.2 
17.5 
23.7 
19.9 
22 .o 
15 .O 
15 .O 
17.4 
15.3 
18.6 
18.6 
19.6 

8.1 
6.3 

14.2 
7.8 

10.4 
13.0 
10.6 
14.7 
17.8 
13.7 
12.4 
10.4 
10.0 
5.6 

10.3 
1 2 . 8  
13.6 
19.8 
12 .5  
1 4 . 8  
15.2 
13 .o 
15.2 
21.2 
19.2 
19.5 
14.3 
15.2 
18.3 
13.3 
18.6 
16.9 
19.2 
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111. PREPHOTOTYPE 1ACFAGE 

The package f o r  t he  experiment has been designed t o  hold 

6 s e t s  of s eed l ins s  i n  4 non-toxic, p l a s t i c  chambers, each wi th  

8 meta l l i c  base,  t i g h t  cover and a h e a t i n g  b lanket  t o  m i n t a i n  

a n  i n t e r n a l  temperature of ap9POXim?tely 7 7 O  F.  The sea l ed  and 

wrapTed chambers a re  a t t a c h e 6  t o  a shock-mounted base a s  shown 

i n  Figure 2 with 1 cy l inde r  exposed t o  show the  seed holder  i n  

place and the  space f o r  growth of i t s  12  s e e d l i w s .  

The l a r g e  chaaber i n  the  diagram has space f o r  3 s e t s  of 12 

seedl ings on holdersso spaced t h a t  t h e  p l a n t s  w i l l  grow f r e e  of 

each other u n t i l  recovery a f t e r  3 days. The 3 c y l i n d r i c a l  cham- 

be r s  have 1 set  of seeds each, with 1 s e t  of 12 t o  grow u n t i l  

recovery and the o the r  2 s e t s  t o  h2ve 15 s e e d l i n s s  each. 

These s e t s  of 15 seedl ings w i l l  be k i l l e d  and f i x e d  d u r i r q  

o r b i t ,  one s e t  a t  43 hours a f t e r  launch and. t he  other  a f t e r  60 

hours of  o r b i t ,  The f i x a t i o n  w i l l  be done by spray from 2 noz- 

z l e s  a s  shown i n  t he  base of t he  exposed cy l inde r  (Fit;. 2 ) .  

Each nozzle w i l l  throw 25 m l .  of f i x a t i v e  forced from a s t e e l  

cyl inder  underneath by means of a gas-driven p i s t o n  on command 

from a program i n  the s p e c e c r a i t  e l e c t r i c a l  system. 

I n  a d d i t i o n  t o  thermostat  c o n t r o l  of the  temperature i n  the  

growth chanibers, the a c t u a l  temperature i n  each chcomber w i l l  be 

recorded through i t s  t h e r n i s t o r ,  an  e l e c t r o n i c  package a t tached  

t o  the  bese p l a t e ,  and a connector f o r  i n t e r f a c e  with the  r e -  

corder i n  the spacec ra f t .  The r e s u l t i n z  record of temperature 

p r o f i l e  Guring the  course of t h e  experiment w i l l  provide a b a s i s  

f o r  r ev i s ion  of b r se  l i n e  growth c o n t r o l  d a t a  i f  t h e r e  a r e  

s ie i i i f  i can t  dev ia t ions  from the  7 7 O  I". ob jec t ive .  
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IV. GROW'Tii TZSTS 15 PREE'ROTOTYPE HEIRD:IYARE 

1. TESTS WITR INTACT PACKAGES 

Development t e s t s  w i t h  the assembled packages and simulated 

s t r e s s  p r o f i l e s  of launch and recovery were made a t  the Ames 

Research Center.  The co-experimenters worked toge ther  and, with 

the  a s s i s t ance  of personnel  i n  the  B i o s a t e l l i t e  P ro jec t  a t  ARC,  

p lented t h e  seeds i n  the  holders ,  prepared the package a s  though 

f o r  an  o r b i t a l  experiment, and observed the r e s u l t s  a f t e r  3 days 

of growth between the  app l i ca t ions  of s t r e s s  p r o f i l e s  by the  s t a f f  

a t  ARC. Control  packages vmre prepared and used f o r  p a r a l l e l  

growth t e s t s  of seeds not  subjec ted  t o  the s t r e s s e s  of v i b r a t i o n  

and acce lera t ion .  

The t e s t  i n  Govember, 1964, f a i l e d  t o  produce good seedl ings  

i n  e i t h e r  c o n t r o l  or experimental  package, due t o  tox ic  e f f e c t s  

of v o l a t i l e ,  f a b r i c a t i o n  compounds. Even the  l a r g e s t  seedl ings  

i n  the chamber w i t h  3 sets  of unfixed p l e n t s  were t o o  small t o  

evaluate  the  e f f e c t  of t h e  drop t e s t  on the s e c u r i t y  of the p l a n t s  

i n  t h e  holders  a t  re -en t ry  time. The t e s t  d i d  prove, however, 

t h a t  the combination of shock absorbers  and rubber membranes 

around the seeds prevent dislodgement of any seeds dur ing  simu- 

l a  t e d  launch. 

The January, 1965, t e s t  with modified, non-toxic hardware 

was s a t i s f a c t o r y  f o r  most of the  b i o l o g i c a l  phases of the exper- 

iment. T h e  seedl ings  grew vrell i n  holders  t h a t  had been proper ly  

loaded an6 planted.  The system of c u l t u r e  was proved t o  be prac- 

t i c a l  and all seeds and seedl ings  were r e t a i n e d  during the  s t r e s s  

p r o f i l e s .  The absence of geot ropic  s t imu la t ion  during the 3-day 

o r b i t  was simulated by tu rn ing  the experimental  package on a 



2 rph  h o r i z o n t a l  c l i n o s t a t ,  with temperature c o n t r o l  and record  

a s  d e s i g m d  f o r  a c t u a l  o r b i t .  The con t ro l  pncksge stood e r e c t  t o  

g r g v i t y  but  otherwise had the same growth condi t ions al though the  

seeds lacked poss ib le  e f f e c t s  of s t r e s s e s  during launch. 

ihe measurements of the  co leop t i l e s  and r o o t s  produced by 

growth of the 6 s e t s  i n  each package were repor ted  i n  d e t a i l  

e a r l i e r  ( 7 ) .  A s u m i r y  of these da ta ,  toge ther  with measurements 

of a q l e s  used t o  descr ibe  the  o r i e n t a t i o n  of t he  seedl ing  organs 

( see  p. 191, i s  included i n  Table I11 on p. 26. The l e t t e r  F a f t e r  

the  hours ol" growth f o r  the f i r s t  3 s e t s  of seedl ings  i n  each 

packcge ind ica t e s  f i x a t i o n  by spray a t  these  times a f t e r  launch 

s t r e s s e s  had been apgl ied.  

Although the mechanism and so lu t ions  f o r  these  f i x a t i o n s  

worked proper ly  f o r  l a t e r  anatomical s tud ie s  of t i s s u e s  (by Drs. 

Edvrerds and Gray), the  f o r c e  and p a t t e r n  of t he  spray was such as 

t o  c r e a t e  a problen f o r  our analys is  of the  o r i e n t a t i o n  of r o o t s  

a t  t he  time of  each f i x a t i o n .  Yotion p i c t u r e s  of a 71-hour f i x a -  

t , L m  sprey  showed se r ious  displacement e f f e c t s ,  p a r t i c u l a r l y  f o r  

lonz;, s lender  r o o t s .  Froin the  photographic i-eCGFdS ( s e e  p .  17 m). 

of a l l  f i x e d  seedl ings ,  we made a study of the r e s u l t i n g  pos i t i ons  

of the r o o t s  and compared the angular measurements w i th  those made 

e a r l i e r  on the p o s i t i o n  of unfixed r o o t s  that had grown i n  our 

labora tory  f o r  t he  same time periods.  

The da ta  i n  Table I1 show t h a t  the s h o r t e r ,  s t i f f e r  r o o t s  of 

the 48-hOUr seedl ings  were not injured.  The lo s ses  t o  spray  of 

the o lder  s e e d l i n y  was s o  ser ious ,  however, t h a t  the fo rce  of 

the spray  must be reduced before  f u r t h e r  t e s t s  a r e  made. 



Table I1 

01liE$L'ATT ON 01' VIJ-=AT ST.:Xi)LITJG ROOTS FS.XXl> I i i  JkLlT:fJ3Y 'ISSST 

(jingles rreasured i n  plane of f a c e  view of plan;) 

48-hour - no d i s l o c a t i o n  by s t ronq f i x a t i o n  spray 

'Test h n s l e s  a f t e r  Jan. Test  
Pkg. 

Pli g o  - 352' r anse  n = l l  

LV Ti=2Q4.2&8.6 ( 232-355) n=12 

HH i A =  73.2ft2.6 ( 15-136) ~ ~ 1 2  

E r e c t  
Pltr: . 

Pt: !"=17!,.114.? (163-221) n=12 

3 1-=227.34&.5 (197-256) n = l l  

i3 I =127.6+7.E ( 36-120) n = l l  

Angles i n  E a r l i e r  T:nf ?xed P l a n t s  

2O - 356' rence n=20 

6;=310.7&8.5 (274-535) n=%O 

L= 5z.8k4.4 ( 23- 95) n=20 

.!=181.Of%. 2 ( 155-202) n=26 

::=2%3.2&1.6 (208-243) n=26 

:1=13;.7+.1.6 (119-147) n=26 

64-hour - about 30,> d i s l o c a t i o n  by spray,esp.  on lower end 3. one s i d e  

Test  
PkR. 

PK UO - 2090 range n=9 24O - S32O ranye n=24 

L i  Ii=310.0f16.6 (240-398) n=9 Ir=292.0i5.9 (227-351) n=24 

iifl I,:= 5i;.3t E.2 ( 3- 8 9 ) n = l l  I.;= 69.4t5.0 ( 37-131) n=24 

E r e c t  
Pkr:. 

Pi? Th183.9iG. 2 ( 151-205) n=8 I1=100.7+%. 0 ( 165-203) n=22 

LR Ir!=227.4f8.3 (198-251) n=9 i =228.Ef2.4 (208-247) n=22 

RI? L;=130.2f5.3 (113-151) N=9 ' * -  1~-1;54.S+2.9 (108-161) n=22 

-- 71-hour - estimated 75% d i s l o c a t i o n  by spray p lus  con tcc t s  from 

seedl ings spaced t o o  c l o s e l y  on 15-unit  seed holders.  

( d a t a  f o r  means o r  ancles  include s tandard er i -ors)  
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The 4 chambers of one of our t e s t  packages were removed from 

the  base p l a t e  and s t r i p p e d  of t h e i r  e l e c t r i c a l  f i t t i x s  t o  per- 

m i t  use of i nd iv idua l  chambers f o r  separate  experiments. Each 

chamber was a t tached  t o  a c l i n o s t a t  t ab l e  s o  t h a t  the growing 

p l a n t s  could be e i t h e r  r o t a t e d  about the a x i s  of the seed holder  

OY placed e r e c t  t o  g r a v i t y  with the r a d i c l e  ends of the embryos 

( s e e  Fig.  I) pointed down. 

The holes  i n  the lower end of each chamber were sea l ed  t o  

p e r x i t  enclosure wi th in  i t  of enough water f o r  s a t u r a t i o n  of i t s  

a i r  with water vngor, a s  i n  a l l  growth t e s t s  w i t h  the system. 

Temperature was maintained a t  77 f 1' F. by p l ac inz  the chambers 

i n  a d a r k  r o o m  w i t h  thermostat  con t ro l  of hea t  and cold a i r  

i n t ake  a s  requi red .  

The separa te  experiments i n  the  dismantled chambers, he ld  

e i t h e r  e r e c t  or  on r o t a t i n g  c l i n o s t a t s  a t  1 rph,  were c a r r i e d  

o u t  d u r i r g  s tud ie s  of ways t o  improve and s tandardize the  cul-  

t u r a l  procedures.  The r e s u l t s  of many such growth t e s t s  a re  r e -  

corded i n  Tables I11 and I V .  The data show both sizes of organs 

and t h e i r  o r i e n t a t i o n  i n  the space around the  seed. 



V. TEC€NI€$JES OF LOADING AND PLANTING HOLDhTS 

';"he f i l l i n g  of t he  p l a s t i c  tubes with 8 proper mixture of 

water and a porous lilodiulil i s  e s s e n t l a l  t o  gerrrlnntion and growth 

i n  any t e s t .  Before May, 1965, we had loaded the system by a 

"wet pack" method t h a t  avoided a i r  buboles and allowed v i s u a l  

cont ro l  of consis tency of the mixture before  i t  was placed i n  

the tubes. Other experimenters were usin; a "dry pack" method 

i n  which the s o l i d  m a t e r i a l  WRS poured i n t o  the  tubes and watered 

the re  with 8 syringe. 30th methods used progressive capping of 

the s ide  arms a s  the syskem was f i l l e d ;  bo th  methods requi red  a n  

equal  and appreciable  length  of t i n e  s h o r t l y  before  the  time of 

p l m t i n g  seeds.  

';;e have r e c e n t l y  per fec ted  a dry peck method t h a t  permits  

ap9 l l ca t ion  of the  rubber caps and f i l l i n g  of t h e  tubes with 

powdered vermicul i te  :n advance of experiment time. A s tandard 

YIxer-shoker device i s  used t o  s e t t l e  the p a r t i c l e s  evenly i n  the  

s i d e  arms a s  the vcrmicul i te  i s  poured i n t o  the  upper end ( c f .  Fig.1) .  

c 

f ,  few hours before  usinrj: the system, use E! good 10-1111. sy- 

r i n g e  t o  i n j e c t  water slowly through e s m e l l  hole  i n  each rubber 

cap, s t s r t i n g  with the lowest a r m  (4. 1) of the  inver ted  holder 

2nd working slovrlg up s o  a s  t o  f o r c e  a l l  a i r  from she open end 

of the s t a l k .  Immerse the holder  i n  a cy l inder  of d i s t i l l e d  

water t o  a l l o w  f u l l  hydra t ion  of the vermicul i te  before  s e a l i n 2  

the open end and p l an t ing  the sorlted seeds. 

The f i r s t  s t e p  i n  preparing the seed i s  s t e r i l i z a t i o n  f o r  

The seeds a re  then r i n s e d  3 times 30 seconds i n  0.05% ZC1,. 
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and a t  once immersed i n  ae ra t ed  d i s t i l l e d  water f o r  4 ho-os .  

Test:: s!;on that 8 shor t e r  r- n-rioc? of h b i b i t i o n  mkes  i t  i n p s s i b l e  

t o  s e l e c t  seed with the  b e s t  embryos End thus t o  keep the per- 

centage of germination c lose  t o  100%. 

The proper depth of i n s e r t i o n  of soaked seed i n  the  s i d e  arm 

i s  learned by experience.  If the embryo i s  too near  the  sur face  

of t he  rubber ,  the  c o l e o p t i l e  a i 3 1  e i t h e r  grow i n t o  the  hole  be- 

s i d e  the endosperc: o r  wltc such a strong contac t  with the r i m  of 

the  s ide  arm a s  t o  a f f e c t  the  d i r e c t i o n  of i t s  l a t e r  growth. 

Shallow p lan t ing  of the seed reduces tho a rea  of seed coats  

through which the water en te r s  the endosperu. The diagram i n  

-, pigura . 1 shows E s a t i s f a c t o r y  in se r t ion  and o r i e n t a t i o n  of t he  

enbryo . 
V I .  PHOTOGRAPHIC RECORDS OF GRO’NTH FORMS 

The d i r e c t i o n  and forrn of seedl ing o r p n  growth can be de- 

scrib6S f a l l y  onlx by o r i e n t a t i o n  measurements i n  3 diraensions. 

-_ prmnnent  record must be m d e  a t  the c lose  of each experiment 

before  the seedl ings a r e  reraovea f r o m  tne holder  Tor reasurenents  

of orcar,  l enz tk  end l a t e r  Enalyses of the t i s s u e s .  This record 

i s  being tsken i n  color  on 35 cmi. f i lni  as  soon a s  the growth cham- 

ber  hPs been opened and notes  hcvc been m d e  of poss ib le  deformi- 

t i e s  due t o  contec ts  of roo t s  w i t h  other ob jec t s .  Each p i c t u r e  i s  

a record of the  4 or 5 seedl ings  i n  one of the  3 v e r t i c a l  rows on 

e. seed holder  ( c f .  Fig.  1). The S exposures of each s e t  of p l an t s  

? r e  used 8 s  l a n t e r n  s l i d e s  with consequent high accuracy i n  

P:essm?enientz f ron .  sharp,  enlarged pro jec t ions .  



A cortibined camera s tand  and s t age  f o r  the seed holder  has 

been designed, f a b r i c a t e d  and found adequate f o r  t ak in& good p ic-  

t u r e s  rap id ly .  F i t t i n g s  on t h e  s tage  end of t he  r ack  hold  a s e t  

of seedl ings e r e c t  aga ins t  a b lack  background. A Pentax camera 

i s  at tached a t  the  o the r  end of the  r eck  wi th  a f i x e d  focus and 

16 s top  t o  provide a deep f i e l d  of view i n  each p i c t u r e .  

A mirror  on  the  l e f t  of the  seed holder  r e f l e c t s  x s i d e  view 

of each seedl ing  when the  row of p l a n t s  i s  ad jus ted  f o r  f ace  

views o f  them ( s e e  Figure 3 ) .  An e l e c t r o n i c  f l a s h  bes i ee  the  

cariiera and coupled t o  the  s h u t t e r  r e l e a s e  provides i d e n t i c a l ,  

co r rec t  exposures and a b r i e f ,  in tense  l i g h t i n g  t h a t  does n o t  

i n j u r e  the seedl ing  roo t s .  

The growth form records  of 2 seedlings a r e  shown by t raced  

sketches i n  Figure 3 as  the  organs appear i n  w a l l  p ro j ec t ion  of 

2 co lor  s l i d e s .  The t r ac ings  a re  from p ro jec t ed  p i c t u r e s  of 

r ep resen ta t ive  seedl ings  a f t e r  72 hours growth, one on a c l ino -  

s t a t  and the  o ther  e r e c t  t o  g r a v i t y  on a sepa ra t e  seed holder .  

A second rack  and camera s y s t e n  i s  needed for a second p ic-  

t u r e  with m i r r o r  on the r i g h t  side of seedl ings  i n  important 

experiments. The t i p  of the r ighthand secondary r o o t  i s  some- 

t imes hidden ( c f .  record shee t  on p. 24) behind the  s i d e  arm i f  

on ly  a mirror view of the  l e f t  s ide of t he  p l a n t  and arm i s  

ava i l ab le .  The second p i c t u r e  on a second f i l m  w i l l  a l s o  serve  

as insurance aga ins t  loss  of any one fi1n-i during processiw,.  

The exac t  form of each r o o t  i s  preserved a f t e r  removal of the 

seedl ing holder f r o m  the  growth chamber i f  t h e  p i c t u r e s  a r e  taken 

i n  a room w i t h  r e l a t i v e  humidity a t  85%. 

water vapor i s  requi red  t o  prevent w i l t i n g  of t he  r o o t  t i p s .  

No higher  conten t  of 
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Figure 3. Tracings of Projected P ic tu re s  of Seedlings 
( w i t h  diagrams and da ta  t o  show method of c o l l e c t i n g  
o r  en t  a t ion  me a sur e me n t  s ) 



VII. C O L U C T I O N  OF ORIENTATION DATA 

The o r i e n t a t i o n  of each seedl ing  organ i s  descr ibed i n  quan- 

t i t a t i v e  te rms  by means of 2 plane angles that can be computed 

from measurements taken on p r o j e c t i o n s  of seedl ing  p i c t u r e s ,  a s  

i l l u s t r a t e d  i n  Figure 3.  The combination of the 2 angles  gives 

the pos i t ion  of the organ t i p  i n  3 dimensions i n  r e l a t i o n  t o  t h e  

a x i s  of the  p lan t .  I f  experience shows a need t o  make a n  analy-  

s is  that w i l l  t ake  i n t o  cons ide ra t ion  the curvatures  i n  many 

organs, the photographic records w i l l  be a v a i l a b l e  for this 

purpose. 

One angle i s  that formed i n  a p ro j ec t ed  f a c e  view of a seed- 

ling between the Y ax i s  through the base of the  organ and a l i n e  

through the base and t i p  of the c o l e o p t i l e  or a r o o t .  The coor- 

dinates  for computing t h i s  angle  a r e  x and y ( s e e  Fig.  31, w i t h  

the quadrant determined by the a r i t h m e t i c  s igns  of the da t a .  

The second angle i s  foraed i n  the  same way i n  the  pro jec ted  

s i d e  view of the  seedl ing,  with coordinates y and z as  the data  

for computations. This angle measures the displacement of the  

organ t i p  from the  v e r t i c a l  a x i s  through the  organ's base,  e i t h e r  

toward the  camera ( l e f t  i n  F ig .  3)  or away from t he  camera. 

Neasurements of the 3 coordinates  for each organ t i p  a r e  made 

f r o m t h e  co lor  s l i d e  p r o j e c t i o n  on a large shee t  of graph paper 

t h a t  i s  fas tened  t o  a w a l l  about 8 f e e t  from the  p r o j e c t o r .  With 

the v e r t i c a l  l i n e s  of the paper or ien ted  wi th  the seed holder a x i s  

i n  the  p i c t u r e  p r o j e c t i o n ,  the x, y and z coordinates  a r e  taken 

with d iv iders  and sca led  on a n  i l luminated p a r t  of the paper. 



The x and y data  a r e  recorded a s  + o r  - from the  o r i g i n  a s  i n  

ordinary usage. ?or  r o o t s ,  the  z c o o r d i m t e  i s  considered negative 

i f  i t  i s  measured l e f t  of the  0,O point on the v e r t i c a l  (Y) ax i s  

i n  the  s i d e  view of the seedl ing;  f o r  c o l e o p t i l e  curvatures  

toward o r  away from the  camera, the  z d i s t a n c e  i s  recorded a s  

p o s i t i v e  i f  i t  extends l e f t  of the Y a x i s ,  s ince  the  wheat cole-  

o p t i l e  seldom bends toward the  s ide  arm. 

The sample work shee t  on page 22 shows the  na ture  and v a r i e t y  

of the  coordinates  obtained. T h i s  t a l l y  system i s  used beside 

the w a l l  p r o j e c t i o n  a s  the  inves t iga tor  measures and records the  

da t a .  The measurements of organ lengths i n  m. had been entered 

e a r l i e r  on the work shee t  immediately a f t e r  the  photograph had 

been teken. The enlargement by pro jec t ion  can be estimated rough- 

l y  f r o m  the r a t i o  of e. s t r a i g h t  c o l e o p t i l e  measurement i n  ~ r n  t o  

the y coordinste  in t en ths  of a n  inch f o r  t he  sane organ t h a t  i s  

known t o  have grown s t r a i g h t  when the x and z coordinates a r e  both 

zero.  
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V I I I .  DATA. PROCESSING BY COMPUTER 

We a r e  us ing  computer programs t o  o b t a i n  f o r  each seedl ing  

organ 2 angles  which descr ibe  the p o s i t i o n  of the  organ as re- 

corded by photography. The angles  are  computed s e p a r a t e l y  from 

the  x and y coordinates  f o r  the f ace  view angles and from the  z 

and y d a t a  f o r  t h e  s ide  views. 

o r  z/y r a t i o  as t he  tangent of the  desired angle. 

t a ined  from the  s i d e  view r e f l e c t s  t o  some exten t  the f a c e  view 

angle but i t  i s  v a l i d  f o r  comparative eva lua t ion  of the  curvature  

i n  the third dimension. 

An angle  is derived from the x/y 

The angle ob- 

The computer program f o r  c o l e p p t i l e  curvatures  suppl ies  a 

f a c e  view angle t h a t  reads clockwise i n  degrees from the e r e c t  

( O o )  pos i t ion .  It a l s o  computes a side view angle that i s  measured 

as p o s i t i v e  (toward the camera) o r  negative from the +Y a x i s .  The 

sample record sheet  (next  page) shows t y p i c a l  r e s u l t s  from the data 

on the work s h e e t  (p. 22) f o r  the same 3 s e t s  of seedl ings.  The 

complete program f o r  these computations i s  l i s t e d  i n  the  appendix 

below. The f ace  view and s i d e  view angles f o r  the  2 seedl ings  i n  

Figure 3 (p .  19) a r e  found t o  be r e s p e c t i v e l y  347.5 and 39.2 f o r  

the c l i n o s t a t  experiment and 0 and 14.0 f o r  the e r e c t  p l a n t .  

The program f o r  r o o t  o r i e n t a t i o n  computes the same 2 angles  

f o r  each of the  3 r o o t s .  

t o  3600. 

s ince  the  re ference  p o s i t i o n  of roots  under g r a v i t y  a t imula t ion  

i s  "down (=180°). Side angles are recorded as p o s i t i v e  i f  the 

r o o t  curvature  i s  toward the  camera and negat ive i f  toward the  

holder .  See next  page f o r  data computed from work shee t  da ta .  

Face view angles read  clockwise from Oo 

The s i d e  angles read  from Oo t o  180° up from the -Y axis, 
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SAMPIIF, RECORD SHEET 
~ Size- I-_ and Or ien ta t ion  Anqles of Seedl ing  Organs 

Experiment &Q! - vOhc er5Seeds gy&d IIedium &/z&&k 

Sta lk  C f S P 
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The Dartmouth GE h igh  speed computer is  a v a i l a b l e  t o  an in- 

v e s t i g a t o r  on a time-sharing p lan  by which he can use the system 

d a i l y  a t  h i s  convenience i n  the afternoon o r  evening. 

our da t a  from a t e l e type  on the  ground f l o o r  of our Gilman Life  

Sciences Laboratory. The programs f o r  our o r i e n t a t i o n  angles and 

f o r  s t a t i s t i c a l  analyses  of our r e s u l t s  a r e  s t o r e d  in  the  com- 

puter  and have only t o  be c a l l e d  up fo r  use  j u s t  before  da t a  a r e  

typed in. Resul ts  a r e  re turned  t o  the same machine wi th ln  a 

minute o r  two a f t e r  a s e t  of da ta  has been concluded. 

We send in 

The program for computation of our r o o t  tingles i s  l i s t e d  i n  

the appendix of this r e p o r t .  To  i l l u s t r a t e  t he  convenient form 

i n  which r e s u l t s  a r e  de l ive red ,  the  data r e t u r n  f o r  t he  r o o t  

angles  of the  2 seedl ings  i n  Fig. 3 I s  reproduced here .  BIOSAT 

i s  the  c a l l  name of t he  r o o t  program i n  the  computer's f i l e .  The 

data  f o r  the c l i n o s t a t  p l a n t  were sen t  i n  f i r s t ,  i n  t he  f o r m  

shown a t  t he  end of the program. The f a c e  view angles  a r e  l i s t e d  

i n  t h e  f i r s t  column. 

BIOSAT 14:W JTTLY 22, i965 

PR 214.4 59.7 
LR 314.2 140 . 4 
RR 74.5 123.7 

PR 178.2 31 
LR 240.1 25.6 
RR 116.1 0 

OUT OF DATA I N  110 

25 



I X .  EXPERIMENTAL RESULTS 

1. TESTS WITH PREPROTOTYPS HARDWARE 

A summary of experimental  da ta  and computations from our 

photographic records i s  l i s t e d  i n  Tables I11 and I V  on the f o l -  

lowing pages. The e n t r i e s  represent  work done during 1965 w i t h  

the  growth chambers and o ther  hardware e s s e n t i a l l y  a s  they w i l l  

be operating f o r  the o r b i t a l  experiment. 

The r e s u l t s  i n  the growth t e s t s  of wheat were not equal ly  

s a t i s f a c t o r y  during the f i r s t  3 months of 1965. The growth was 

o f t e n  incomplete because water was lacking t o  the seedl ings  dur- 

ing the l a t e r  hours of the growth per iod.  The b e t t e r  techniques 

used f o r  the experiments repor ted  i n  Table I V  improved the  per- 

centege of germination and sustained growth but  the b e s t  methods 

and m t e r i a l s  were not used u n t i l  the  month of June. 

In s p i t e  of the r e l a t i v e l y  sho r t  c o l e o p t i l e s  and roo t s  i n  

many of these  t e s t s  w i t h  wheat, the  p a t t e r n s  of organ o r i e n t a t i o n  

were much a l i k e  f o r  a l l  the  experiments. The mean angles f o r  the  

e r e c t  p lan ts  and the na ture  of the v a r i a t i o n s  i n  p o s i t i o n s  taken 

by ind iv idua l  organs remained wi th in  narrow limits. The p a t t e r n s  

of displacement and curvature  i n  t h e  organs that developed on hor- 

i zon ta l  c l i n o s t a t s  were a l s o  more n e a r l y  a l i k e  t h a n  were the s i z e s  

of the organs. T h i s  base l i n e  d a t a  promises t o  be appropr ia te  

for evaluat ion of a f l i g h t  experiment. The measurable d i f f e r e n c e s  

i n  o r i e n t a t i o n  f e a t u r e s  between p l a n t s  e r e c t  t o  g r a v i t y  and those 

grown without geotropic  responses show that the o r i e n t a t i o n  as -  

pec ts  of growth a t  zero g r a v i t y  can probably be appraised i n  quan- 

t i t a t i v e  terms without dependence on maximum lengths of roo t s  and 

c o l e o p t i l e s .  
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Table ITI. SIZE AND ORIENTATION ANGLES OF SEEDLING (XGANS - Part 1 

(means of l e n g t h  in mn; mean angles f r o m  cocidiwtes  of organ tips) 

ERECT - 
3-12 k8 C & P 1 2  

I t  1 2  
I) 12 

3-la 6!+ 11 
i t  t r  1 2  

II I t  

:t II 

3-23 72 " 12 
It 11 I1 II 

meas angles 
CLRJOSTAT 

2-0 hi3 Bi-Ver 9 
I' 1 2  

i t  n It 13 
2-17 c & v 1 2  

11 11 

11 n t i  w C & ' \ T 1  
3-9 " con.  1s 
S-is 11 c v & 
mean 6& UO 

2-9 'I2 WVer 10 
11 11 

2-18 'I 

3-72 n 
3-23 11 

3-29 " 

n II 

11 n 
n 0 

11 w 
mean 72 

" 7 
C & V  9 

" 12  
15 

'I 15 
I' 12 
rr 11 

YWVer 15 
BrVer 15 

€7. 
Test at; A R C  
F R E T  
13-LBF Call. 10 
8 6LF &Per 13 
9 7l.F 1& 

L Cell. 10 
21 72 12 

11 BrVer  10 
mean a l e  - 

CLINOSTAT 
Cell. 1 2  

1 2  6@ B r V e r . 1 5  
1 71F 12 
3 72 " 10 
7 Cell. 10 

10 B r V e r  6 
mean angle 

Notesr Mean angle - fpr a sa * 

Coleopt i le  I Primary Root 

I 

Lgth F2ce 

2.4 2.9 +2.0'20.8 181.7 8.7jlO-6 2LO.3 :Lbe4 
2.7 1.7 +!j.O'LY.9 182.2 13.2115.6 21:O.j 27.5 

4-1 3.1 42.4121.1 189.0 18Jj19.3 239,,8 2 9 3  
j n 7  1-0 +2,.9120.2 180.3 18.7 16,3 235.9 31.1 

I 
1 

2.3 3.b 43.9'18.3 176.6 8.0jl0,8 236,7 10,8 
I 

I 
4 A  6 . h  46,o 29*3 181.2 9n311507 226,o 22.0 
3-9 0.5 .1.1.8!22.5 174.9 1L.SI15.3 228.6 11.7 

'277 +3.31 m mj 235.3 m 

2.5 1.0 4 5.9 

i r . 1  .9 . G l O O O  

L.3 5.9 G .8 
3.9 5.7 3 L.1 
6.1 = + 2 . , 5  

902 2.4 +I303 

2.9 + 
4.0 11.2 11.8 
6.9 12.5 82'1.7 
.o,o 20,4 1&.3 
6.6 9.9 11.1 

Right Root 
Lgth Face Side 

16,,1 126-6 23.5 
13.0 12b.2 17.1 m m  
12,2 59.3 136.0 

7.6 73.2 10!iol 
11-0 63J.t 154.2 
11,s 73.2 128.8 - L!ieO 59.2 163.3 
11.3 137.3 
13.7 77.0 130.6 

23.6 &Ll 128.9 
2h.O 78.4 131.9 
17.1 68.1 115.7 
22.1 70.9 11707 
1 7 3  85.5 82-2 
16.4 81.1 96.3 
23,2 69.7 8h.7 

6.2 127.0 6. 2,8 
23.5 132,7 23.3 
330b 153305 - 400 
Unl  133*2 17-5 
L o  133.6 lteo 
13.2 125.3 15.6 

m12,3 

I 

wpyatur of c eoptile is not meAn a le position 
' q g l e  ?rd&is a i l  bgnt towar staE away 8, s b l k  (toward chamber wall) 
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Table 111. SIZE AND ORIENTATION ANGLES OF SEEDLING ORGANS- Part 2 

(means of length  i n  nun; mean angles from coordinates of organ t ips )  

Coleoptile 
Lgth Face Side 

2.8 5.3 +10.2 

5.9 3.1 + 4.8 
6.7 4.0 + 7.6 

4.7 3.8 + 3.5 
6.0 3.4 +11.1 
5.9 2.0 + 2.6 
8.7 4.1 + 7.1 
9.0 4.7 +11.0 

6.8 2.9 + 9.6 

;$; Hrs. Med. Nos F’rimary Root 
Lgth Face Side 

23.8 175.3 7.7 

25.5 185.7 16.4 
27.6 184.2 15.4 
26.7 178.9 + 7.9 
26.9 183.8 9.8 
28.2 187.0 12.0 
36.7 187.8 +18.5 
35.0 182.0 11.2 

30.6 178.0 5.9 

WIZAT-EECT 
5-7 48 Fiver 1 2  

5.2 7.9 + 7.0 
8.6 10.3 +15.8 
4.4 7.2 +15.3 
b.4 8.6 +16.8 
5.2 11.7 +23.2 
5.4 6.4 +19.8 
6.0 10.4 +14.6 
9.7 19.8 15.2 
6.3 11.3 5.3 
4.8 11.6 + 7.2 
5.5 13.8 +14.1 
5.5 10.6 5.5 
-0.6 15.5 io.& 
6.511.3 
-9.3 17.5 12.9 

4-15 72 Fiver 11 
5- 3 11 
6-26 11 mer 1 2  

It I1 It 1 2  
11 I1  1 2  

29.9 
37.7 
29.2 
29.7 
30.0 
30.9 
28.3 
33.8 
27.2 
26.9 
29.8 
25.2 
37.4 mm 
37.6 

6-20 92 Fiver 11 
It c & v 12 

mean angles 

3.1 2.9 +14.5 
3.5 6.2 + 9.3 

7.3 10.0 +26.1 

3.4 1.7 4.2 
3.9 5.3 3.2 

6.7 15.4 10.0 

I’YKEAT-CLINOSTAT 
5-2 h8 Fiver 1s 

16.8 181.2 7.4 
17.9 179.1 5.7 

23.9 66.7 

27.1 183.7 11.4 
33.1 182.2 4.6 

34.2 52.c 

I1 I1 1% 
mean 48 E 
7-1 60 VFVer 15  

I1 It It 15 
mean 60 E 
t-15 72 F ive r  13 

11 II 

mean 72 z. 
75-20 92 Fiver 14 

BARLFP-ERECT 
5-21 48 C & V 1 2  

It 11 It 1 2  
BARLEY-CLINOSTAT 

5-21 48 C &  v 1 5  
RYE-ERECT 
m 8  C & V  9 

11 
RYGCLINOSTAT 

5-14 48 C & V 1 4  

I1  11 

7.4 7.0 + 7.2 28.3 181.5 12,6 m m l  182.b 11.7 

2.9 8.7 + 8.7120.7 +42.2 

34.9 
t30.3 
+31.1 
44.2 
27.7 

+37.2 
+51.9 

61.1 
+60.3 
+54. c 
29.C g 
45. e 

L e f t  Root 
Lgth Face Side 

11.0 239.7 16.2 

16.1 235.5 16.7 
16.8 240.5 17.1 

16.1 229.3 +20.6 
18.2 232.3 24.8 
15.3 239.0 20.1 
20.5 239.5 27.0 
20.1 236.8 30.5 

21.4 232.8 21.7 
19.8 234.2 16.8 

236.021.2 
7.7 270.8 85.0 

18.3 291.7 140.0 
17.6.m 139.1 
22.3 293.1 +126.1 
15.4 281.1 120.1 
19.4 287.0 lis.? 
17.2 284.6 114.7 
17.1 273.2 90.7 
18.7 279.1 105.7 
17.8 279.6 106.3 
18.3 276.5 99.6 
22.1 280.5 106.5 
16.8 295.7 +130.7 
14.1 277.7 + 92.1 
19.4 279.2 122.1 
16.1 283.6 +112.1 

21.6 282.9 +103.0 

10.1 192.5 18.0 
13.1 1 9 ~ 6  21.3 

18.9 257.7 77.9 

12.0 199.9 13.7 
18.4 188.5 11.3 

25.0 254.3 78.5 

Right Root 
Lgth Face Side 

10.8 118.9 21.5 

14.9 115.4 22.7 
17.3 122.1 17.5 

14.4 128.7 14.1 
19.1 127.7 13.5 
17.0 117.8 17.4 
19.2 115.5 18.9 
20.5 116.8 19.4 

20.5 126.9 17.2 
20.1 128.3 18.0 m m  

8.3 81.3 91.3 
8.i 96.7 64.9 
8.289.0 78.1 

17.9 77.7 136.5 
16.8 73.6 138.1 
m75.7137.3 
22.7 83.4 123.9 
17.2 61.8 159.5 
20.7 69.0 141.4 
17.6 69.7 123.5 
17.2 85.2 106.5 
19.h 75.1 130.1 
18.6 74.5 106.4 
18.9 74.7 109.5 
24.0 79.5 112.9 
16.4 77.6 121.6 
16.2 67.0 136.3 
19.8 64.6 132.6 
15.7 81.7 104.5 
18.9 89.2 93.3 
m75.2121.6 
22.4 74.4 131.2 

10.1 153.7 18.4 
12.8 159.1 15.7 

21.9 79.5 95.8 

12.6 169.7 6.3 
16.3 160.2 20.2 

23.9 129.5 79.9 

Notes: Mean angle curvature o f  coleopt i le  i s  not mean angle posit ion 
+ for a s ide  angle indicates  a l l  curvatures were away from seed holder 
Fiver means Fine Vermiculite; VFVer meam V e r y  Fine Vermiculite 
C & V means a mixture of powdered ce l lu lose  and f i n e  vermiculite 
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The g r e a t e s t  need f o r  improvement i n  the  da ta  f o r  e r e c t  and 

c l i n o s t a t  growth l i e s  i n  developing as much uniformity i n  growth 

r a t e s  a s  t he  b i o l o g i c a l  v a r i a t i o n  i n  the  wheat embryos w i l l  per- 

rnit.  

w i th  an optimum mixture of vermiculite and water should improve 

the base l i n e  da ta  a s  the experimentation i s  continued. 

More a t t e n t i o n  t o  p r e c i s i o n  i n  loading the seed holders 

The r e s u l t s  of a few comparable t e s t s  w i t h  b a r l e y  and rye  

seedl ings  grown i n  t he  same hardware f o r  48 hours a r e  included i n  

Table I V .  

r o o t  and a p a i r  of secondary r o o t s  growing a t  c h a r a c t e r i s t i c  

angles w i t h  t he  longest r o o t  prevented s t r i c t  comparisons w i t h  

wheat. The t e s t s  were closed a t  48 hours t o  permit use of the 

f i r s t  r o o t s  t o  appear a s  b a r l e y  and rye germinated r a p i d l y  a t  

77' F.  Only the  3 longest roo t s  were used i n  the a n a l y s i s  of 

o r i e n t a t i o n  angles .  

The absence i n  t h e s e  plants  of a wel l  defined primary 

Although these longer r o o t s  showed a lack of prec ise  p a t t e r n  

i n  d i r e c t i o n  of growth when the p lan ts  were e r e c t  t o  g r a v i t y ,  the 

changes i n  o r i e n t a t i o n  angles when grown on a h o r i z o n t a l  c l ino-  

s t a t  were very s i m i l a r  t o  the  corresponding changes i n  wheat 

seedl ings .  The s i d e  view angles of the longest  r o o t  were 8 t o  

10 times a s  la rge  on the c l i n o s t a t  while the  co r re spond iw f a c t o r  

f o r  wheat i s  only about 4X. 

r y e ,  however, responded t o  removal of the t r o p i s t i c  e f f e c t s  of 

g r a v i t y  by about the same f a c t o r  (6x1 a s  i n  wheat. 

ponding changes i n  the f ace  view angles were about the same 

among the  3 types of seedl ings.  Table I V  a l s o  shows comparable 

changes i n  t h e  f a c e  and s i d e  view angles of the c o l e o p t i l e s  of 

wheat, rye and b a r l e y  when grown on c l i n o s t a t s  r a t h e r  than e r e c t .  

The 2 " l a t e r a l "  r o o t s  of b a r l e y  and 

The cor res -  



The r e s u l t s  of this l imi ted  experimentat ion with other  grass -  

type seedlings make i t  c l e a r  that wheat i s  a b e t t e r  t e s t  p l a n t  

but  tha t  the  d i f fe rences  i n  growth form of i t s  seedl ing  organs be- 

twoen experiments with and without the  t r o p i s t i c  e f f e c t s  of 

g r a v i t y  a r e  not  pecul ia r  t o  wheat. The suppl ies  and d i s t r i b u t i o n  

of growth r e g u l a t o r s  w i th in  the grass  seedl ing  appear t o  be much 

the same between genera although 2 experiments w i t h  Avena seed- 

lings on c l i n o s t a t s  suggest t h a t  t he  r e g u l a t i o n  of growth i n  i t s  

seedl ing organs may be q u a n t i t a t i v e l y  d i f f e r e n t  i n  r e l a t i o n  t o  

geotropic  r e a c t i o n s .  

2. WHEAT SEEDLINGS IN SOIL 

A s  a check on the v a l i d i t y  of o r i e n t a t i o n  of r o o t s  and co le-  

op t i l e s  grown i n  our  seed holders  i n  comparison with the growth 

form of young p l a n t s  rooted i n  s o i l ,  a s e r i e s  of 30 seedl ings  

were grown for 72 hours from seeds p lan ted  i n  moist s o i l  t o  a 

depth of about 1 cm. The seeds were pre-soaked as  i n  holder 

t e s t s  and s e t  e r e c t  i n  the s o i l  with the  embryo end down, Most 

of the  s o i l  was washed f r o m  the roo t s  a t  the c lose  of the t e s t .  

The seedlings were a t  once f l o a t e d  above a white sur face  i n  shal- 

low water t o  permit r e t e n t i o n  of the  growth form of each as  the 

water was slowly p ipe t ted  away. 

Only the face  angles  of o r i e n t a t i o n  of roo t s  and c o l e o p t i l e s  

could be measured (with a goniometer) but  they a r e  comparable 

w i t h  the corresponding a n s l e s  computed f o r  t he  e r e c t  wheat seed- 

lings represented i n  Tables I11 and I V .  The da ta  for these angles  

and the lengths of organs a r e  shown i n  Table V beside measurements 

of growth i n  2 o ther  systems. 



Table V 

Orienta t ion  of Wheat Seedlings Grown by Dif fe ren t  Systems 

(shown by mean angles r ead  clockwise from 0' f o r  e r e c t  posi t ion*)  

Coleopt i le  Primary Root Left Root 
Mean Face Mean Face Mean Face 

Right Root 
Mean Face 

'ERECT 
In S o i l  25.8 4.5 

i 1.6 f 0.9 

, I n  flolders 6.1 3.5 
i 0.8 i 0.7 

I 

I 

On Agar 9.5 5.7 
i 0.6 i 0.9 

C LINOSTAT 
In Holders 6.9 10.5 

f 0.5 f 0.8 

On Agar 12.9 24.3 
, 0.8 f 3.9 

65.4 
f 4.2 

29.3 
f 1.9 

31.5 
f L.7 

31.2 
,f 0.8 

33.5 
& 1.3 

184.1 41.0 
f 2.3 3 f 2.2 

182.2 17.3 
f 1.7 f 0.9 

189.5 23.4 
f 1.7 f 1.2 

-- 18.9 
f 0.6 

(189.5) 29.8 
f 3.4 f 1.4 

229.4' 43.1 
f 2.0 1 f 2.5 

233.1 17.0 
f 2.0 f 1.0 

221.8 23.4 
f 2.3 +, 1,2 

285.4 19.7 
f 2.0 f 0.6 

242.6 30.4 
f 4.3, f 1.2 

I 

127.9 
f 2.8 

122 . 5 
f 2.1 

i39.7 
f 1,7 

74.6 
f 1.5 

120.8 
f 3.1 

b I >A 
Curvatures i n  c o l e o p t i l e s  shown as means of angles  from Oo, not t h e  

mean p o s i t i o n s .  

'. 
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3. WHEAT SmDLINGS ON AGAR 

A th i rd  method of seedl ing  cv-lturc has  been developed a t  the  

Ames Research Center by D r .  K. Yokoyama, the group l e a d e r  i n  de- 

veloping the  wheat seedl ings  experiment. I n  coll .aboration w i t h  

the  co-experimenters, he has been germinatinS; the  sane wheat seeds 

on a g e l  of 2% agar inside a moist chamber formed by a p a i r  of 

E’etri d i shes .  Growth takes  p lace  i n  a dark chamber a t  77 f lo F. 

A pre-aosked seed i s  set  t i g h t l y  in  a smll  c a v i t y  i n  an 

agar p l a t e ,  w i t h  the embryo c l e a r  of the  sur face  but p a r a l l e l  t o  

i t .  The chember i s  supported so  t h a t  the  embryo i s  e r e c t  t o  

g r a v i t y  except i n  c l i n o s t a t  experirmnts f o r  which the  chamber i s  

turned on the a x i s  of the  embryo a t  1 r e v o l u t i o n  i n  40 minutes. 

Other t e s t s  were made w i t h  t he  embryo e i t h e r  h o r i z o n t a l  t o  g r a v i t y  

or inverted but  Table V includes only d a t a  f r o =  t e s t s  t h a t  cor- 

respond t o  our 72-hour t e s t s  with s e e d l i x s  i n  s o i l  or seed 

holders of the  preprototype hardware. 

Since the seedling organs r e m i n  c l e a r  of the ager ,  the 

f ace  view angles  cen be measured w i t h  a goniometer without open- 

ing the  chamber. Side view angles  can n o t  be measured. Length 

of organs i s  measured in mi. 

The da ta  i n  Table V show th,t the  seedlings grow on agar 

more r a p i d l y  than i n  o w  seed holders  but  n e i t h e r  experimental  

method suppl ies  water through the  endosperm a t  r a t e s  comparable 

with the  r a t e  of e n t r y  through r o o t s  i n  s o i l .  On the whole the 

agar method i s  less r e l i a b l e  than the  holder  method i n  producing 

l a t e r a l  r o o t s  a t  angles found i n  soil-grown p lan ts .  Tho t i p s  of 

these  roots  a r e  d e f i n i t e l y  lower than f o r  seed holder  p l an t s ,  
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perhaps because of t h e i r  g r e a t e r  length and weight of poorly sup- 

ported t i s s u e s ,  B o ~ a v e r ,  these roots a l s o  have their  t i p s  mch 

nea re r  the 180' l ine  when g r o m  on the h o r i z o n t a l  c l i n o s t a t ,  

where the weight f a c t o r  does n o t  apply except  poss ib ly  a t  t he  time 

of angle  measurement. 

Other d i f f e rences  between agar-grovm seedl ings  and those i n  

our seed  holders  include g r e a t e r  increases  i n  length  of c o l e o p t i l e  

and l a t e r a l  r o o t s  (but not  primary r o o t )  for a c l i n o s t a t  p l an t .  

The cause of t h i s  d i f fe rence  i n  elongat ion r a t e s  by eliminfit ion 

of the  e f f e c t s  of g r a v i t y  i s  unknown, 

Nei ther  the l eng th  not the mean p o s i t i o n  of t h e  p r h m r y  r o o t  

s e e m  t o  be a f f e c t e d  by the remove1 of g r a v i t y  s t imula t ion .  '??e 

apparent  increase i n  degrees f o r  the primary r o o t  pos i t i on  of 

ager  s e e d l i w s  ( see  Table V, l a s t  l i n e )  is no t  informative since 

i t  does not  take i n t o  account the  a c t u a l  mean curvature  of the 

r o o t  from the  180' pos i t i on .  

and below this  re ference  poin t  hss not been considered. The mean 

c u ~ v a t i i r e s  f o r  the  prlmary r o o t  have n o t  yet  been computed f o r  

prlmary r o o t s  on e i t h e r  seed holder  o r  agar-grown seedzings b a t  

the d a t a  f o r  curveturea i n  co leop t i l e s  a r e  recorded i n  Table V on 

the  b a s i s  of corresponding mean va r i a t ions  from the  0' pos i t ion .  

They show t h a t  the mean curva tures  i n  c o l e o p t i l e s  Increase on the  

c l i n o s t a t  f o r  both seed holder  and agar-grown s e e d l i w s ,  w i t h  the 

propor t iona te ly  g r e a t e r  increment f o r  agar-grown p lan t s  probably 

due t o  the g r e a t e r  length  of the  organ. 

Tho number of displacements above 

Cer t a in  other  c h a r a c t e r i s t i c s  of growth of wheat seedl ings  

on agar  i n  comparison w i t h  growth i n  our seed holders  a r e  l e s s  
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i n t e r e s t i n g  although they h e l p  t o  emphasize s u b t l e  d i f f e r e n c e s  

i n  the  microenvironment of the  2 c u l t u r e  methods by which r o o t s  

can be caused t o  grow f r e e  of s o l i d  n a t e r i a l s .  The agar m t h o d ,  

however, h a s  no provis ions f o r  measurements of organ o r i e n t a t i o n  

i n  the  th i rd  dimension. Since these  measurements prove t o  be 

s i g n i f i c a n t  i n  comparisons between p l a n t s  grown w i t h  and without 

the t r o p i s t i c  e f f e c t s  of g r a v i t y  ( s e e  below ane Tables I11 and I V ) ,  

and because of t h e  c l o s e r  agreement i n  growth form with p l a n t s  

grown e rec t  i n  s o i l ,  our seed holder  method f o r  t he  o r b i t a l  ex- 

periment seems t o  be preferab le  as wel l  as proven p r a c t i c a l .  
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X. SONCLUSIOITS FROI.: EXP3RIKWFAL RESULTS 

1. General 

The  reasonably good consis tency in  the  o r i e n t a t i o n  of seed- 

ling organs f o r  wheat p l an t s  grown e i t h e r  e r e c t  or  on c l i n o s t a t s ,  

i n  seed holders  of the form now accepted f o r  our preprototype 

hardware, i s  very encouraging f o r  good r e s u l t s  from t h e  o r b i t a l  

exgmriment. The va r i a t ions  i n  length of organs i n  a s e t  of seed- 

lings on one holder  a r e  not  g r e a t  enough t o  introduce unacceptable 

v a r i a t i o n s  i n  the  a x l e s  by xhich we shall  measure or i en ta t ion .  

The va r fa t ions  i n  da ta  f o r  these angles a r e  a l s o  not  s o  g r e a t  a s  

t o  i n t e r f e r e  w i t h  the use of means from one s e t  of seedl ings  f o r  

comparison w i t h  means from other  experiments or  with means i n  

base line measurements. 

Data f o r  the o r i e n t a t i o n  f ea tu res  of t he  6 s e t s  of s e e d l i q s  

that w i l l  grow i n  o r b i t  w i l l  very probably be adequate for evalu- 

a t i o n  of the  e f f e c t s  of zero g r a v i t y  on the  growth r egu la to r s  

within the  seedl ing  organs. A t  t he  same time the q u a n t i t a t i v e  

da ta  f o r  seedl ing  growth i n  the absence of g r a v i t a t i o n a l  fo rce  

w i l l  provide a unique check on the v a l i d i t y  of the  ho r i zon ta l  

c l i n o s t a t  i n  s i m u l a t i w  ze ro  g r a v i t y  i n  r e l a t i o n  t o  geotropism. 

2. Data f r o m  ---- Coleopt i les  

In  s p i t e  of appreciable  curvatures  i n  some c o l e o p t i l e s  

g r o m  e r e c t  t o  g rav i ty ,  the  m a n s  of such displacements from the 

v e r t i c a l  a r e  30 sml l  t h a t  the corresponding da ta  f o r  the  f ace  

view end s ide  view angles  from the o r b i t a l  experiment should 

proviiie u s e f u l  c r i t e r i a  f o r  the e f f e c t s  of zero g rav i ty .  The 

c l i n o s t a t  t e s t s  show larger means of curva tures  that increase  

w i t h  the  l e r g t h s  of the  co leop t i l e s .  
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3. Data from Primary Roots 

The experimental data of our  work Give only p a r t i a l  support  

t o  Rufe l t t s  idea ( 8 )  that the c e n t r a l  r o o t  i s  p l a g i o t r o p i c  r a t h e r  

than or thot ropic .  The means f o r  i t s  o r i e n t a t i o n  angle i n  e r e c t  

p l a n t s  i n  our seed holders  a r e  only a few degrees from the  ver- 

t i c a l ,  a s  they a r e  i n  s o i l  and on agar  (Table V )  i f  measured i n  

f ace  view. The means of s i d e  view curvatures  f o r  e r e c t  p l a n t s  

(Tables I11 and LV) a r e  seldom la rge  or computed from bends i n  

the same d i r e c t i o n  f o r  a set  of seedl ings .  

I n  t he  absence of g r a v i t a t i o n a l  s t imula t ion ,  however, t he re  

i s  a tendency toward s t rong  curvatures  i n  one d i r e c t i o n  (toward 

the  camera) a s  one would expect from a p l a g i o t r o p i c  organ such 

a s  a branch ( 6 )  when the  movement of the  r o o t ' s  auxin toward the 

lower side (1) was prevented. There i s  no such tendency f o r  

hyponaatic ( o r  e p i n a s t i c )  curvature  e i t h e r  above or below 160' 

i n  the  f ace  view ( c f .  r eco rd  shee t  da ta  on p. 24). The "primary" 

r o o t  does show l a rge  curvatures  i n  t h i s  f a c e  view plane when 

f r e e d  from t he  d i r e c t i v e  e f f e c t s  of g r a v i t y  but  the  curvatures  

a r e  random i n  s i z e  and d i r e c t i o n .  If this r o o t  is  p l a g i o t r o p i c  

a t  a l l ,  the  tendency i s  t o  grow outs ide  the plane of the  f ace  of 

the embryo but i n  no one plane i n  the third dimension. 

As a c r i t e r i o n  of the  formative e f f e c t s  of weightlessness 

in  our o r b i t a l  experiment, the s i d e  view angle of the  primary 

r o o t  w i l l  be very important i f  the e f f e c t s  resemble those on the  

c l i n o s t a t .  

s i g n i f i c a n t  than the mean f o r  any one s e t  of seedl ings  but  the  

mean curvatures (not  computed f o r  Tables 111 t o  V) of the  primary 

r o o t  i n  the  plane of the l a t e r a l  r o o t s  may t u r n  out t o  be si@;- 

n i f  i can t  a l s  0. 

The p a t t e r n  of f ace  view angles w i l l  probably be more 



4. Data f r o m  L a t e r a l  Roots. 

Both  f a c e  view and s i d e  view angles of t h e  p l ag io t rop ic  

seminal r o o t s  can be used a s  c r i t e r i a  of o r i e n t a t i o n  e f f e c t s  a t  

zero  g r a v i t y .  As measured on the  c l i n o s t a t  without d i r e c t i v e  

e f f e c t s  of g r a v l t y ,  t he  angles have changed, i n  the  plane of t he  

two r o o t s ,  f r o m  about 1 2 5 O  and 2350 f o r  e r e c t  seedl ings  t o  about 

7 5 O  and 2 8 5 O .  

r a i s e d  f r o m  t h e  down p o s i t i o n  by 50'. 

an auxfn c o n t r o l  b a s i s  t h a t  corresponds t o  the  condi t ion  demon- 

s t r a t e d  by Lyon (6) f o r  l a t e r a l  branches, s ince  Boysen-Jensen (1) 

proved t h a t  auxin i s  unevenly d i s t r i b u t e d  i n  ho r i zon ta l  r o o t s  . 
The changes i n  t h e  s i d e  view angles  of t h e  same r o o t s  f r o m  about 

20° f o r  e r e c t  seedl ings  t o  angles  about 6 t i m e s  a s  g r e a t  (see 

Tables I11 and I V )  without the g r a v i t a t i o n a l  e f f e c t  on the auxin 

does not  mean t h a t  t h e  l a t e r a l  r o o t s  a r e  p l ag io t rog ic  a l s o  i n  the 

t h i r d  dimension, The d i f f e rence  l i e s  i n  the  mixed + and - s igns  

on t h e  s i d e  view angles of bo th  e r e c t  and c l i n o s t a t  seedl ings ,  a s  

i l l u s t r a t e d  i n  the  record  s h e e t s  on p .  24. 

I n  both  cases  the t i p s  of t he  r o o t s  have been 

T h i s  can be understood on 

U n t i l  we experiment f u r t h e r  w i t h  t hese  l a t e r a l  r o o t  curva- 

t u r e s ,  and p a r t i c u l a r l y  u n t i l  we have the da ta  f r o m  the  o r b i t a l  

experiment, we cannot exp la in  the behavior of these  r o o t s  as  

viewed f r o m  t h e  side of the embryo. The problem seem t o  be one 

of auxin o r i g i n  2nd t r anspor t  within t h e  r o o t s ,  a s  i t  probably 

i s  8130 f o r  u n d e r s t a n d i q  the  g rea t e r  curva tures  i n  the  primary 

r o o t  i n  t he  absence of t h e  e f f e c t s  of g r a v i t y .  As c r i t e r i a  f o r  

the  e f f e c t s  of weight lessness ,  however, t h e  o r i e n t a t i o n  angles  

f o r  bo th  f a c e  and s i d e  views of the  l a t e r a l  r o o t s  w i l l  be par- 

t i c u l a r l y  valuable .  
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X I .  PLANS FOR MORE EXPBIiVENTAL STUDIES 

We s h a l l  continue t o  seek improvement i n  techniques of load- 

ing and capping the seed holders .  The 1965 seed crop w i l l  be 

t e s t e d  a s  soon as i t  i s  a v a i l a b l e ,  w i t h  t he  hope t h a t  the  vigor  

and percentage of germination w i l l  be very  high. More da ta  w i l l  

be co l l ec t ed  f o r  the growth of rye ,  b a r l e y  and perhaps o a t s  f o r  

use i n  i n t e r p r e t i n g  the o r i e n t a t i o n  p e c u l i a r i t i e s  of a l l  these 

seedl ings i n  terms of t h e i r  growth r egu la to r s .  

The ques t ion  of o r i e n t a t i o n  of the primary r o o t  of wheat, 

when grown e i t h e r  e r e c t  or  on a c l i n o s t a t ,  w i l l  be explored 

f u r t h e r  by computations of the means of curvature  from 180'. 

The r e s u l t s  of th is  method f o r  the  c o l e o p t i l e  curva tures  proved 

s o  i n s t r u c t i v e  t h a t  we expect i t  t o  provide a t  l eas t  some infor -  

mation r e l a t i v e  t o  R u f e l t ' s  p l ag io t rop ic  theory  (8 ) .  Our tri- 

dimensional method f o r  measuring curva tures  can probably be ex- 

p lo i t ed  t o  advantage i n  th i s  f i e ld .  

U n t i l  acceptable  experiments can be c a r r i e d  out w i t h  app l i -  

ca t ions  of exogenous auxin t o  r o o t s ,  t he  i n t e r p r e t a t i o n s  of growth 

curvatures  will l ack  a sound foundat ion.  With the  wheat r o o t s  s o  

s lender  and a 3 1  r o o t s  s o  s e n s i t i v e  t o  contac t  w i t h  s o l i d  bodies,  

we expect t o  have major d i f f i c u l t i e s  i n  supplying exogenous auxin 

t o  roots  growing i n  our seed holders .  We s h a l l  combine e f f o r t s  i n  

this  area with at tempts  t o  grow uniform c o n t r o l  seedl ing3 by the  

use  of the b e s t  ma te r i a l s  t h a t  we can supply t o  the  problem. 

Our previous at tempts  t o  germinate Dicotyledonous seeds i n  

s p e c i a l  ho lders  and moist chambers w i l l  be resumed as time permits .  



We hope t o  p e r f e c t  methods f o r  growing roo t s  large enough f o r  

use i n  q u a n t i t a t i v e  experiments with auxin, much as we were able 

t o  do e a r l i e r  with branches ( 6 ) .  The use of r a d i o a c t i v e  IAA-C1* 

on e i t h e r  ep ico ty ls  or  t h i c k  roots  s t i l l  appears t o  be a promis- 

ing line of approach t o  auxin physiology in seedl ings.  Some 

type of peas (Pisum) o f f e r  the b e s t  prospects f o r  a t e s t  p l a n t  

but  b a c t e r i a l  in fec t ions  a r e  d i f f i c u l t  t o  e l iminate  i n  our moist 

chambers. We must devise  b e t t e r  methods of s t e r i l i z a t i o n  and 

c u l t u r e  before  we can expect t o  grow good seedl ings i n  the num- 

b e r s  requi red  f o r  q u a n t i t a t i v e  da ta .  We have some s p e c i a l  

apparatus  for work w i t h  such seedlings and p l a n  t o  use i t  soon. 
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APPENDIX 

COMPUTER PROGRAMS 

1. Angles of a Coleopt i le  

5 PRINT "ANGLE A ,  "ANGLE B" 
10 REkf THIS P??oGRAXI MEASURES ANGULAR GROWTH OF GRASS 
20 REM COIZOPTILE WITH REFERSNCE TO NORPIIAL ERECT POSITION 
30 LET C = 180/3.14159 
40 READ X, Y, 2 
50 LET B = ATN(Z/Y)'K 
60 LET A = ATN(X/Y)+C 
70 IF A >= 0 THEN 90 
80 LET A = 360 + A 
90 IF B >O THEN 120 

100 LET B = INT(10-sB + .5)/10 
110 GO TO 130 
120 LEX' B = INT(lO*B - .5)/10 
130 LET A = INT( 1O*A + .5)/10 
140 PRINT A ,  B 
150 GO TO 40 
900 DATA -6,27,22,0,16,4 
999 END 

(These data from p .  19; for angles see p.  2 3 )  

2. Angles of R o o t s  

10 REM THIS PROGRAM COIPUTES THE SOLID ANGLES OF THE THREE 
20 REM ROOTS OF TIL4 PLArUT GROWIHG UNDER VARIOUS COIDITIONS 
90 LET C = 180/3.14159 

100 FOR I = 1 TO 3 
110 READ X ( I ) ,  Y ( I ) ,  Z ( I )  
120 NEXT I 
130 FOR I = 1 TO 3 
140 IF I > 1 TIlEN 170 

150 PRINT "PR" ; 
160 GO TO 210 
170 IF 1 5  2 THEN 200 
180 PRINT '' LR ; 
190 GO TO 210 
200 PRINT "RR" 
2 10 
220 IF Y = 0 THEN 500 
230 UT A = ATN( X(I) / Y(I) ) c 
2 40 LET B = ATN( Z(I)  / Y(I) ) * c 
250 IF Y > 0 TAEN 280 
2 60 L E T A = A +  180 
270 LET B = B f 180 
280 IF A >= 0 TEEN 300 

145 LET Y = Y(1)  

LET Y = Y ( f )  
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( r o o t  program cont *d) 

290 
300 
3 10 
320 
330 
340 
350 
3 60 
370 
380 
390 
400 
410 
500 
5 10 
520 
5 30 
5 40 
550 
5 60 
570 
5 80 
590 
600 
6 10 
620 
630 
6 40 
650 
660 
67 0 
900 
901 
999 

LET A = A + 360 
IF B 0 THEN 320 
LET B =  B +  360 
IXT B =  B - 180 
IF B >= 0 TEEN 360 
LET B =  B - 0.05 
GO TO 370 
LET B = B + 0.05 
LET A = A + 0.05 
PRINT INT( lO$$A)/lO; II'lT( 10-%B)/10 

NEXT I 
PRINT 
GO TO 100 
IF X ( 1 )  = 0 THEN 580 
IF X(1) 0 THEN 540 
LET A = 270 
GO TO 550 
LET A = 90 
IF Z(1) <,O TIEN 590 
PRINT A : "UNDEP I' 
GO TO 390 
IF Z(I) = 0 THEN 660 
I F Z ( 1 )  > 0 THEN 620 
LET B = 90 
GO TO 630 
U T  B = -90 
I F  X(1)  < > O  THEN 380 
PRINT llUNDIP't; B 
GO TO 390 
PRINT "ATYPICAL CASE" 
GO TO 390 
DATA -26,-38,-65,-36,35,-29,36,101-15 
DATA 2,-62,-12,-40,-23,-11,45,-22,O 
END 

(these data f r o m  p.  19; for angles  see p .  2 5 )  
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